In islet transplantation, insufficient yield is a major obstacle to one-donor/one-recipient transplant. Collagenase, which is injected via a pancreatic duct to separate islets from acini, can so easily distribute into the islet core that it may result in disruption of islets. The purpose of this study was to evaluate the superiority of reduced pressure-controlled collagenase injection (RPCI) at 80 mmHg on islet isolation to injection at 180 mmHg by examining in vivo transplant experiments besides the yield and the glucose stimulation test in a rat model. Lewis rat pancreases were distended with collagenase solution at 80 mmHg pressure as the RPCI group (group 1) and at 180 mmHg (group 2), followed by isolation. The yield in group 1 (1100 ± 160 islets with 2750 ± 530 IEQ) was significantly higher than that in group 2 (900 ± 130 islets with 1570 ± 350 IEQ, p < 0.01) due to the significant difference of the number of islets sized >150 µm in diameter, although the purity was not significantly different between the two groups. Stimulation indices in the glucose stimulation tests were 2.88 ± 1.12 in group 1 and 1.93 ± 0.62 in group 2 (p < 0.05). The cure rate by transplantation of 100 islets to diabetic nude mice in group 1 (8/10) was significantly higher than that in group 2 (3/10, p < 0.05). In a syngenic transplant model of 90% of islets isolated from one donor, the cure rates were 100% and 67% in groups 1 and 2, respectively (NS). The area under the curve on the graph of IPGTT on postoperative day 28 in group 1 was significantly smaller than that in group 2 (p < 0.05). In conclusion, our data show that RPCI at 80 mmHg could contribute to consistently high islet yield and in vivo function in a rat model. It was suggested that the current human protocol should be reviewed from this viewpoint.
INTRODUCTION
permitted the gradual opening of the fine pancreatic ductal system slowly, resulting in improved collagenase delivery to all regions of the pancreas (8). They determined Islet transplantation has demonstrated great success since the clinical report from the Edmonton group (13, that the pancreas was best perfused under controlled conditions with collagenase solution while maintaining 14). However, one of the major obstacles to one-donor/ one-recipient transplantation is the insufficient yield of a constant pressure of 60-80 mmHg for the first 5 min and 160-180 mmHg for the next 5 min in the clinical islets from a donor pancreas. In the Edmonton protocol, islets were isolated from two or more donors for each setting, based on the principle reported by Horaguchi and Merrell (5) . recipient (14, 16) . In addition, even in the best preparations the process recovered only 20-50% of the poten-On the other hand, van Suylichem et al. reported that collagenase could easily distribute into the islet core tial islet mass (12). Obtaining a consistently high yield is prerequisite to islet transplantation becoming a standard through its capsule even at <80 mmHg injection pressure and that the extent of its distribution depended on therapy for type 1 diabetes, from the viewpoints of donor shortage and economics.
the this pressure (17, 18) . They suggested that injection of collagenase into the duct may easily result in disrup-One methodology, the collagenase perfusion method via a pancreatic duct, has become a standard technique tion of islet integrity and, therefore, has to be performed with care (17) . to achieve high yields in islet isolation. The Edmonton group described that controlled collagenase perfusion It is hypothesized that excessive collagenase within islets due to injection at relatively high pressure such as quently, the chemical digestion was stopped by addition of 20 cc cold HBSS and the conical tube was shaken at 180 mmHg might deteriorate islets during digestion, resulting in insufficient yield. It is well known that the strongly 20 times (mechanical digestion). The suspension filtrated through a metallic filter net was washed pressure of collagenase injection is one of the keys to high yield and in vitro quality of isolated islets. But no with HBSS three times by centrifugation (150 × g, 2 min, 4°C) and then purified with a discontinuous density one has previously reported on either the difference of quantity and quality of islets isolated following colla-gradient by using Histopaque 1077 (Sigma) and HBSS. The islets were collected and washed in RPMI-1640 genase injection between 80 and 180 mmHg, such as in a clinical setting, or the difference of in vivo function.
(Gibco, Burlington, Ontario). The crude number of islets in each diameter class was determined by counting after The purpose of this study was to evaluate the superiority of reduced pressure-controlled collagenase injec-diphenylthioncarbazone staining using an optical graticule. This number was then converted to the standard tion (RPCI) at 80 mmHg on islet isolation to injection at 180 mmHg by examining in vivo transplant experiments number of islets equivalents (IEQ; diameter standardizing to 150 µm) (9,11). besides the yield and the glucose stimulation test in a rat model, before a preclinical study in a large animal Stimulation Index (SI) model.
To determine the in vitro potency of isolated islets, MATERIALS AND METHODS the insulin secretary response to glucose (n = 13) was Animals measured using a modification of the method previously described (15). Briefly, after incubation in RPMI-1640 Male Lewis rats weighing 250-300 g (Oriental Yeast solution containing 3.3 mM glucose at 37°C for 120 Co., Ltd, Tokyo, Japan) were used as donors and recipimin, 20 islets of 150-250 µm in diameter were handents, and 6-to 7-week-old male Balb-c nude mice (Oripicked and transferred to a Cell Culture Insert (Falcon, ental Yeast Co., Ltd) were used as recipients in this Franklin Lakes, NJ). Thereafter, they were suspended study. Diabetes was induced in recipient rats and mice three times for 60 min at 37°C in RPMI-1640 solution by IV and IP injection of streptozotocin (Roche, Indiawith addition of various glucose concentrations (basal I: napolis, IN) dissolved in a freshly prepared citrate buffer 3.3 mM, stimulation: 20 mM, basal II: 3.3 mM, respec-(pH 4.5). The streptozotocin dose was 65 mg/kg body tively). The supernatants were collected and stored at weight (BW) for a rat and 240 mg/kg BW for a nude −20°C. The insulin level was measured using a Rat Insumouse. Recipients were considered diabetic if their nonlin Enzyme-Linked Immunosorbent Assay Kit (Merfasting blood glucose levels exceeded 350 mg/dl for 3 codia AB, Uppsala, Sweden). The stimulation index (SI) consecutive days. All animals were maintained in aniwas calculated as the insulin released into the stimulamal care facilities in accordance with the Guidelines for tion medium divided by insulin released into the basal I Animal Experimentation at Kobe University Graduate medium. School of Medicine.
Transplantation of Islets to Diabetic Nude Mice Isolation of Islets
Middle abdominal incision was performed under Transplantation to diabetic nude mice was performed as an in vivo assessment of islet potency (n = 10). Dia-ether anesthesia. After a donor rat was killed by cutting the abdominal aorta, the pancreas was removed with the betic nude mice were anesthetized by avertin, and the left kidney was exposed through a lumbar incision. A duodenum and spleen following cannulation of the common bile duct with a PE50 polyethylene tube (Becton breach was made in the kidney capsule, and a polyethylene catheter was introduced through the breach and ad-Dickinson and Company, Sparks, MD). Each pancreas was distended by intraductal injection of 6 cc collagen-vanced beneath the kidney capsule to generate a subcapsular space. One hundred islets with a diameter range of ase solution (1 mg/cc of Collagenase P (Cat. No. 1 213 873; Roche, Indianapolis, IN) in Hanks' balanced salt 150-250 µm, which were hand-picked immediately after purification, were slowly injected through the PE50 solution (HBSS; Sigma, St. Louis, MO)) on a cooled tray at 4°C. The two groups were divided according to tube into the subcapsular space. After removing the PE50 tube, the opening was cauterized, and the kidney the injection pressure. While maintaining the injection pressure with a manometer, the pancreases were dis-was repositioned, followed by suturing of muscle and skin. Blood was sampled daily from the tail vein for the tended at 80 mmHg in group 1 (n = 14), and at 180 mmHg in group 2 (n = 14). After distension, the spleen determination of blood glucose levels for 2 weeks after transplantation. On day 14 posttransplant the graft was and duodenum were removed and the distended pancreases were incubated in a 50-cc conical tube at 37°C for removed by nephrectomy. Success of transplantation was defined as maintenance of normoglycemia (<200 20 min (chemical digestion) without shaking. Subse-mg/dl) for at least 3 consecutive days and return of hy-islets sized at 150-250 and >250 µm in diameter in group 1 were significantly greater than those in group 2 perglycemia (>250 mg/dl) after nephrectomy (15).
(p = 0.0026 and p = 0.0078, respectively) ( Fig. 2 ). How-Transplantation of Islets to Diabetic Rats ever, there were no significant differences in the num-To evaluate the islet isolation results comprehenbers of islets in the sediment after purification in every sively without interference from any artificial factors, diameter class between the two groups (data not shown). 90% of islets isolated from one donor, except 10% for Stimulation Index (SI) counting, were transplanted into the portal vein of diabetic syngenic rats anesthetized by pentobarbital sodium Twenty islets with a diameter range of 150-250 µm (Dainippon Pharmaceutial Co., Ltd, Osaka, Japan) (n = were picked up and challenged using a glucose stimula-6). They were injected with 0.3 ml HBSS solution using tion test as an in vitro function assessment. SI in group a 23-gauge sure shield SV set (Terumo, Co., Ltd, Tokyo, 1 (2.88 ± 1.12) was significantly higher than that in Japan) connected to a 1-ml syringe. After islets were group 2 (1.93 ± 0.62, p = 0.0225 vs. group 1) (Table 1) . infused, the portal vein was compressed manually with
Transplantation of Islets to Diabetic Nude Mice a cotton bud to stanch bleeding, followed by suturing of muscle and skin. Blood was sampled daily from the tail One hundred picked-up islets with a diameter range vein for the determination of blood glucose levels for 4 of 150-250 µm were transplanted into athymic diabetic weeks after transplantation. Success of transplantation nude mice as an in vivo function assessment. The sucwas defined as maintenance of normoglycemia (<200 cess rate in group 1 (8/10) was significantly higher than mg/dl) for at least 3 consecutive days. On day 28 postthat in group 2 (3/10, p = 0.0349 vs. group 1) ( Table 1) . transplant intraperitoneal glucose tolerance tests (IPGTTs)
Transplantation of Islets to Diabetic Rats were examined. In brief, normal saline containing 2.5 g/kg BW of glucose was injected IP into overnight-fasting
In a syngenic transplant model, the crude numbers of recipient rats 28 days posttransplantation. Their blood transplanted islets were 990 ± 60 and 850 ± 110 in group glucose levels were measured at 10, 30, 60, 90, and 120 1 and 2 (NS), respectively. The purity of transplanted min after injection. Glucose clearance was calculated islets was 92.5 ± 2.7% and 90.0 ± 5.5% in group 1 and after IP bolus by calculating the area under the curve 2 (NS), respectively. Transplant success rate in group 1 (AUC) of the glycemic profile (6). Naive nude mice (n = (6/6) was higher, but not significantly higher, than that 5) were also tested as a control for this procedure.
in group 2 (4/6).
To further investigate the function of these islets, IP-
Histological Examination
GTTs were performed 28 days after transplantation (Fig. After counting the number of purified islets, we ex-3). The rate of normoglycemia at 120 min in group 1 amined islet purity and morphology under a microscope.
(5/6) was significantly higher than that in group 2 (1/6, In another series, five pancreases immediately after p = 0.0400) and was comparable with that in the control distention with collagenase solution and five pancreases group (6/6) ( Table 2) . Moreover, the calculated AUC in after subsequent incubation at 37°C for 20 min in each group 1 was significantly smaller than that in group 2 group were carefully harvested to fix in 10% formalin, (p = 0.0163), although it was also significantly different embedded in paraffin, and stained with hematoxylinfrom the control group (p = 0.0062) ( Table 2) . eosin in order to assess the morphological damage Histological Examination against islets during digestion.
We morphologically assessed the isolated islets after Statistical Analysis purification (Fig. 4A, B) . The shape, border, and integ-Results were expressed as mean ± SD, and the statisrity of islets were not different between groups 1 and 2, tical differences between groups were determined using except the size. But some single cells and fragments of Fisher's exact test and the Mann-Whitney U-test, where islets were seen in group 2, in contrast to almost none appropriate. Values of p < 0.05 were considered signifiin group 1. We also assessed the morphology of islets cant.
in each pancreas after chemical digestion before mechanical digestion in another series (Fig. 4C, D) . Most
RESULTS
of islets sized >150 µm in diameter in group 1 were well Islet Yield and Islet Size Distribution rounded and compact, and intracellular integrity was maintained while acinar cells were digested moderately. The islet yield in group 1 (1100 ± 160 islets, 2750 ± 530 IEQ) was significantly higher than that in group 2
In contrast, a lot of fragile islets sized >150 µm in diameter were observed in group 2 and their intracellular in-(900 ± 130 islets, 1570 ± 350 IEQ: p = 0.0026 and p < 0.0001, respectively) (Fig. 1) . The numbers of isolated tegrity was severely broken. However, there was no sig- nificant difference in morphological damage against cells without any damage to islets. However, as many investigators have reported (1, 3, 17) , collagenase admin-smaller ones between the two groups (data not shown).
istered via the ductal system can easily be distributed DISCUSSION around and even within the islets themselves. Studies of the dispersion of India ink within the pancreas after Ductal injection or perfusion of the pancreas with a solution containing collagenase prior to islet isolation intraductal injection have suggested that the initially injected collagenase solution is relatively selectively dis-has been reported to result in high islet yields since Lacy introduced an islet isolation technique in rats that in-tributed to the exocrine tissue, sparing the islets, but that subsequent continued injection tends to produce increas-volved the ductal distension of the pancreas and collagenase digestion (7). In theory, either method seems an ing penetration of the solution into the islets (17, 18) . Moreover, the collagenase solution could easily pene-obvious way of delivering collagenase to the exocrine tissue without reaching the islets, because this ductal ad-trate into the islets at low injection pressures such as 40-90 mmHg (18) . ministration of collagenase could mechanically separate islets from acini and could chemically digest only acinar Although Gray et al. suggested that it is unknown Figure 2 . Islet number in each diameter class. Data are expressed as mean ± SD. The numbers of isolated islets sized at 150-250 and >250 µm in diameter in group 1 were significantly greater than those in group 2 (both *p < 0.01). whether penetration of the collagenase into the islets is †p < 0.01 versus control.
a good or bad thing (4), there is no doubt that the amount of collagen within and at the periphery of the islets is related to the stability of the islets during chemi-the HPCI group (data not shown). Macroscopically the pancreases were just as well distended in the RPCI cal digestion by collagenase at 37°C, as well as the shape of the islets and the capillary density of the islets, group as in the HPCI group, although it took a longer time to accomplish loading by RPCI (298 ± 28 s) com-and results in disruption of islet integrity, as van Suylichem et al. described (17) . Because the extent of its dis-pared to by HPCI (82 ± 16 s). A microscopic widening of the interlobar, interlobular, and interacinar spaces was tribution depends on the pressure of injection (18) , the pressure of injection must be a key factor in successful seen in both groups, but no difference in the widening depending on the injection pressure was observed. How-islet isolation. On this point, it is easily hypothesized that higher pressure injection results in more collagenase ever, after activation of collagenase by incubation at 37°C for 20 min following the collagenase injection, within islets and consequently more damage to the construction of islets during the activation of collagenase.
most islets in the distended pancreas in the RPCI group were morphologically intact with compact and well-The present study demonstrated that RPCI results in higher yield and higher quality in both in vitro and in rounded shapes, compared with a lot of fragile islets sized >150 µm in diameter in the HPCI group. After vivo experiments compared to the high-pressure controlled collagenase injection at 180 mmHg (HPCI) in a purification, the number of isolated islets of >150 µm in the HPCI group decreased significantly and some single rat model. Changes in the pancreatic morphology immediately after collagenase injection were not different cells and fragments were seen in this group. We also found that the number of the islets in the macro-or microscopically between the RPCI group and Appearance of isolated islets after purification (A and B: original magnification, 6×) and typical histological appearance after H&E staining of a pancreas after incubation (C and D: original magnification, 400×). The shape, border, and integrity of purified islets were not different between group 1 (A) and group 2 (B). But some single cells ( ↓ ) and fragments ( ↓ ↓ ) of islets were seen in group 2 (B), in contrast to almost none in group 1 (A). Most islets of >150 µm in diameter in group 1 (C) were well rounded and compact after incubation at 37°C for 20 min. In contrast, a lot of fragile islets in the same diameter class were observed in group 2 (D).
sediment, which contains acinar cells, after purification
The harmful effects of exogeneous isolation enzymes on islets during isolation were also reported by Balamur-was small and not significantly different in each diameter class between these groups (data not shown). We ugan et al. (2) . Exposure to Liberase, which is one of the exogeneous isolation enzymes like collagenase, speculate the following from these findings. Distension at 180 mmHg caused more widespread collagenase pen-could easily cause its penetrating the cytoplasm of beta cells during islet isolation, resulting in activation of apo-etration into islets, compared with RPCI at 80 mmHg. These islets suffered considerable injury from the in-ptotic pathways and a reduced ability to release insulin in response to glucose without any effects on morpho-creased collagenase within islets themselves due to HPCI when it was activated in chemical digestion at logical abnormalities. If even exposure to enzymes could result in detrimental effects on isolated islets, it is 37°C. Consequently, some of these might be destroyed after purification, resulting in a poor yield. Even surviv-more easily understood that the larger amount of collagenase within an islet due to the higher injection pres-ing islets should be significantly damaged, resulting in poor in vivo function. But we could not clarify whether sure could result in the poorer in vivo function of transplanted islets in our series. the islets of >150 µm in diameter damaged during chemical digestion in the HPCI group were specifically de-In the clinical setting adopted in such a high-volume islet isolation center as Edmonton, Miami, or Minnesota, stroyed and why this phenomenon could occur mainly in them.
80 mmHg for the first several minutes and subsequent 
